A time-accurate Navier-Stokes analysis is needed for understanding the relative importance of nonlinear and viscous effects on the unsteady flows associated with turbomachinery blade vibration and blade-row noise generation. For this purpose an existing multi-blade-row Navier-Stokes analysis has been modified and applied to predict unsteady flows excited by entropic, vortical, and acoustic disturbances through isolated, two-dimensional blade rows. In particular, time-accurate, nonreflecting inflow and outflow conditions have been implemented to allow specification of vortical, entropic, and acoustic excitations at the inlet, and acoustic excitations at the exit, of a cascade. To evaluate the nonlinear analysis, inviscid and viscous numerical simulations were performed for benchmark unsteady flows and the predicted results were compared with analytical and numerical results based on linearized inviscid flow theory. For small amplitude unsteady excitations, the unsteady pressure responses predicted with the nonlinear analysis show very good agreement, both in the field and along the blade surfaces, with linearized inviscid solutions. Based on a limited range of parametric studies, it was also found that the unsteady responses to inlet vortical and acoustic excitations are linear over a surprisingly wide range of excitation amplitudes, but acoustic excitations from downstream produce responses with significant nonlinear content.
INTRODUCTION
The need for improved structural durability and reduced noise levels has motivated engineers to understand and predict the effects of flow unsteadiness on the aeroelactic and aeroacoustic performance of axial-flow turbomachinery blade rows. Until recently, the unsteady aerodynamic analyses that have been used in turbomachinery aeroelastic and aeroacoustic design studies were based on classical linearized theory (Whitehead, 1987) , which essentially applies to cascades of unloaded flatplate blades that operate in entirely subsonic or entirely supersonic flow environments. During the past decade, more general unsteady aerodynamic linearizations have been developed (e.g., Verdon, 1990; Whitehead, 1990) which account for the effects of important design features, such as real blade geometry, finite steady blade loading, and operation at transonic Mach numbers, on the unsteady aerodynamic response. This type of model has received considerable attention in recent years and numerical methods and computer codes for solving the resulting linearized equation sets are beginning to be applied in aeroelastic design prediction systems (Smith, 1990) .
Although linearized inviscid analyses meet the needs of aeroelastic designers for computationally efficient unsteady aerodynamic predictions, of necessity, they ignore potentially important physical and geometric properties of the flow, including the effects of viscous layer displacement and separation, and the effects of nonlinear unsteady excitation. Since the early 1980's, a number of time-accurate Euler and Navier-Stokes procedures have been developed to predict blade-row unsteady flows (see , for a review). These have been applied to predict flows through single blade rows in which the unsteadiness is caused by blade vibrations (Huff and Reddy, 1989; He, 1990; Siden, 1991) or by aerodynamic disturbances at the inflow or outflow boundaries (Giles, 1988) , and flows through aerodynamically coupled ar-rays in which the unsteadiness is caused by the relative motions between the blade rows (Rai, 1987 (Rai, , 1989 .
These recent and important advances in the numerical simulation of unsteady turbomachinery flows suggest that it is now appropriate to carefully validate and, if necessary, extend a time-accurate, unsteady, NavierStokes procedure for the prediction of turbomachinery aeroelastic and aeroacoustic response phenomena. Usually, numerical procedures are verified via comparisons with experimental data (e.g., Manwaring and Wisler, 1992) , but because of the numerous controlling parameters involved it is often difficult to ascertain precise causes for the differences between the numerical and experimental results. In the present effort, we have taken a different approach; one in which solutions based upon very different analytical procedures are compared both to validate the procedures and to better understand relevant unsteady flow phenomena.
A validated Navier-Stokes analysis for high-frequency unsteady flows will represent a major advance in turbomachinery unsteady aerodynamic theory. This numerical simulator (or "wind tunnel") can provide engineers with new insights on the nonlinear and viscous effects associated with blade vibration and discrete-tone noise generation. It can also provide a test-bed for assessing and improving the analytical (i.e., linearized inviscid and high Reynolds number inviscid/viscid interaction) models that are currently being developed for use in turbomachinery aeroelastic and aeroacoustic design prediction systems.
Thus, the primary goal of the present investigation has been to extend and validate a comprehensive NavierStokes analysis for the prediction of unsteady flows through the blade rows of axial-flow turbomachines. For this purpose, we have focused on a simple geometric configuration (i.e., a two-dimensional, isolated blade row), and on unsteady flows excited by time-dependent flow distortions at the inflow and outflow boundaries. The analysis and code developed during this investigation, called NGUST, is a modified version of the two-dimensional ROTOR2 analysis, developed by Rai (1987 Rai ( ,1989 . ROTOR2 was chosen as the basis for the current analysis because of its high-order accurate integration scheme and flexible O-H grid topology. The main contributions of the present study are the formulation and implementation of the computational boundary conditions needed to simulate external unsteady aerodynamic excitations, the validation of the numerical analysis through comparisons with analytical and linearized unsteady aerodynamic solutions, and the understanding gained concerning the nonlinear behavior of unsteady flows.
PHYSICAL PROBLEM AND MATHEMATICAL DESCRIPTION
We consider time-dependent subsonic flow, with negligible body forces, of a calorically perfect gas through = -2
Figure 1: Two-dimensional compressor cascade.
a two-dimensional cascade (see Fig. 1 ). The unsteadiness in the flow is assumed to be due to one or more of the following excitations: upstream entropic, vortical or acoustic disturbances or downstream acoustic disturbances, that carry energy towards the blade row. Entropic and vortical disturbances can be used to model the wakes from upstream blade rows and combustor hot streaks entering a turbine. Acoustic disturbances model the potential flow variations associated with adjacent blade rows. The entropic, vortical, and acoustic excitations are prescribed functions of location (i) and time (t) that satisfy equations that govern the fluid motion. The field equations considered in this study are the time dependent, Reynolds averaged, thin-layer Navier-Stokes equations and, in the limit Re co, the Euler equations, where Re is the flow Reynolds number. These equations can be written in non-dimensional form, in terms of body-fitted computational coordinates (e, 17, t) as
The vector of conserved variables is Q = J -1 Q, and the inviscid flux vectors are F. = J -1 (et Q + GF,+ £y G,) and 0, = J -1 (i t Q + 7ix F, + ny Gt ). 
= y»/J,
In the Cartesian coordinate frame, the conserved variable and inviscid flux vectors are defined as Q = [P, Pv, err F, = [Pu, PTT (6) where IC is the thermal conductivity, cj, is the ratio of specific heats, and the subscripts L and T refer to the laminar (molecular) and the turbulent (eddy) quantities, respectively. The turbulent viscosity, AT, is calculated using the two-layer Baldwin-Lomax algebraic turbulence model (Baldwin and Lomax, 1978) for the boundary layers along the blade surface. In the current implementation, the turbulence model is applied only on the 0-type grids, and no wake model is used.
In addition to the foregoing field equations, boundary conditions must be specified at the blade surfaces and at the inflow and outflow boundaries. For viscous flow simulations, a no-slip condition and a prescribed heat flux or wall temperature distribution are enforced along the blade surfaces. For inviscid flow, a flow tangency condition is enforced along the surface of each blade. The flows at periodic boundaries are solved implicitly using the interior solution algorithm, e.g., those associated with the blades at m = 0 and m = 2r 1 cr (see Fig. 1 ), where a is the interblade phase angle of the excitation. The boundary conditions at the inlet and exit of the cascade are determined using linearized theory. Thus, inflow entropic, vortical, and acoustic excitations and acoustic excitations at the outflow boundary are represented as small amplitude perturbations of a uniform free stream and have the form
f.'/ R (E, t) = Re
wt)]} (9) Here is is the wave number vector, w is the temporal reduced frequency (based on the inlet flow speed and blade chord), Re denotes the real part of a complex quantity, and s_ c,, z7R,,, and pi, ±. are the complex amplitudes of the entropic, vortical velocity, and acoustic excitations, respectively. In the foregoing relations tc y f" = aG-1 , where G is the cascade pitch. The temporal frequency and wave number of an entropic or vortical excitation are related by w = -g_"" •,, where is the uniform relative inlet velocity, but more complicated relationships exist between w and g± c,,, for acoustic excitations (see Verdon et al., 1991) . Only acoustic excitations of the propagating type are considered in this study.
NUMERICAL INTEGRATION PROCEDURE
The current numerical procedure is an extended version of the ROTOR2 analysis (Rai, 1987 (Rai, ,1989 , which was developed to predict flows through aerodynamically coupled blade rows. In ROTOR2, a combination of 0-and H-type grids are used to discretize the field (see Fig. 2 ). H-grids are used in the regions upstream of the blade row, downstream of the blade row, and in the interblade region. 0-grids, which are body-fitted to the surface of each blade and patched into the Hgrids, are used to resolve the viscous flow in each blade passage and to allow for convenient implementation of the algebraic turbulence model. The equations of motion are integrated in time using a third-order spatially accurate, upwind, finite-difference scheme. The inviscid fluxes are discretized according to the scheme developed by Chakravarthy and Osher (1982a) , while the viscous fluxes are calculated using standard central differences. In the original ROTOR2 analysis, the inviscid equations are solved on the H-grids; the viscous equations on the 0-grids. An alternating direction, approximate factorization technique is used to compute the temporal changes in the dependent flow variables, and inner Newton iterations are applied to enhance stability and reduce linearization errors. The present version of the ROTOR2 analysis, called NGUST, can be used to analyze flow through a single blade row, as well as that through an arbitrary number of blade rows. In the former case the effects of neighboring blade rows are represented via prescribed unsteady flow variations at the inlet and exit boundaries. Two versions of the NGUST procedure have been developed, one using H-grids only, and the other using the O-H grid topology. The Hgrid version of the analysis is used only for flat-plate cascades; the O-H grid version for "real" blade configurations. In addition, the O-H version of NGUST uses overlaid, rather than patched, grids to minimize spurious distortions in the predicted values of the flow variables at the O-H zonal boundaries. The NGUST procedure can be used to solve the inviscid (Euler) or viscous (NavierStokes) equations of motion. In the latter case, the viscous terms are retained in both the 0-and the H-grid calculations. Implicit inlet, exit and surface boundary conditions have been implemented. The inlet and exit boundary conditions, which represent an important part of the current effort, are described in some detail below.
Consider the approximate factorization scheme of Beam and Warming (1977) , which can be represented in semi-discretized form using only one Newton iteration as
Here A = Plaei and /3 = a . diai) are Jacobian matrices with respect to the dependent variables, I is the identity matrix, and AQ is the change with time of the dependent variables. The approximate factorization scheme is an implicit procedure which requires the inversion of two block tridiagonal matrices. Equation (10) can be solved for the points within the solution domain in the following manner. First, a residual is defined as
Next, a solution sweep in the i'-coordinate direction (parallel to the inlet/exit boundaries) is performed to determine an intermediate solution, i.e.,
Finally, a solution sweep is made in the -direction to obtain the updated solution
To determine AQ at the inlet and exit boundaries, the first two steps of the foregoing procedure are retained, but the boundary conditions are incorporated into the third step. The procedure begins with the transformation of the governing equations into characteristic form through premultiplication by the matrix T4 -1 , which contains the left eigenvectors of the Jacobian matrix, A (Merkle, 1987) , i.e.,
In characteristic form each of the equations is associated with an eigenvalue of the Jacobian matrix, and a corresponding characteristic wave (see Eqns. (7-9)). Next, the equations of motion are premultiplied by a selection matrix, which accounts only for the characteristic waves which leave the computational domain (Merkle, 1987; Chakravarthy, 1982b; Rai and Chaussee, 1984) . 
The technique used to determine the numerical fluxes on the right-hand side of Eqn. (16) is different than that used in the interior of the computational domain. The fluxes parallel to the boundary (i.e., in the cascade tangential direction) are calculated using the interior differencing scheme, but the fluxes normal to the boundary (i.e., in the axial direction) are calculated using second order accurate one-sided differences.
The boundary conditions corresponding to the positive eigenvalues are then combined with the equations of motion, and solved implicitly with the interior flow field. Thus, the modified third step of the approximate factorization procedures becomes
where W, is the vector containing the characteristic variables and C = aW 18Q is the Jacobian of the characteristic variables with respect to the dependent variables. The forcing function (Ws n+ 1 -Win) will be zero for steady problems (since the characteristic variables will be constant in time), but it will have prescribed values for unsteady flow problems.
The implicit boundary conditions outlined above represent approximate, quasi-two-dimensional, nonreflecting boundary conditions. The term quasi-twodimensional refers to the assumption that circumferential variations in the pressure waves leaving the computational domain have been regarded as negligible; "nonreflecting", to the condition that pressure waves pass through the inflow and outflow boundaries with little or no artificial reflection. Since the characteristic boundary conditions are based on a linearized analysis, a post iteration update of the boundary variables can often improve the solution accuracy. In this study, the full twodimensional boundary conditions of Giles (1990) are used for this purpose. In this method, the characteristic variables, ta t , can be written in perturbation form such that 
where M = 1/a 2 , N = 1/(pa), by = P -Pin/et/exit, bu = u -Uiniet/exit, by = v -viniet/ex,t2 and bP = PPin/et/exit-The subscripts `-cc' and `-f-co' refer to the underlying steady flow variables at the inlet and the exit, respectively, and the subscripts 'inlet' and 'exit' refer to the prescribed unsteady flow variables at the inlet and the exit boundary. The two-dimensional boundary condition update calculates the change in the incoming characteristic waves based on the values of the outgoing characteristic waves. Since the outgoing characteristic waves are determined from the governing field equations during the implicit portion of the numerical procedure, this explicit update is easily incorporated into the framework of the NGUST analysis. At the inlet, the incoming characteristics are determined by (Giles, 1990) [wi
where Q = (a -u)/2 and R = (a + u)/2, and at the exit, the incoming characteristic is determined by Equation (20) is solved implicitly by inverting a block tridiagonal matrix. Equation (21) is solved for xv4 along the exit boundary by inverting a scalar tridiagonal matrix. In both cases, implicit second-difference dissipation is added to the equation to prevent odd-even decoupling. For characteristic waves leaving the computational domain at an angle 8 relative to the boundary, the twodimensional boundary condition update will produce artificially reflected waves of amplitude 0(92 ), compared to waves of amplitude 0(8) for the quasi-two-dimensional boundary condition update (Giles, 1990) . For inviscid flows, the theory of characteristics also forms the basis of the airfoil surface boundary conditions. More details on the integration procedure and numerical boundary conditions can be found in Rai (1989) and Dorney (1992) .
NUMERICAL RESULTS
Extensive numerical results have been determined for unsteady flows through flat plate and compressor exit guide vane (EGV) cascades (see Dorney, 1992) . The flat plate test cases served as benchmarks to validate the numerical analysis against semi-analytical solutions. The EGV simulations were intended both to validate the numerical analysis and to demonstrate the use of the NGUST procedure as a "numerical wind tunnel" for investigating the effects of nonlinearity and viscosity on unsteady flow solutions. The results of the numerical simulations have been compared with classical linear solutions and solutions obtained using the linearized inviscid flow analysis, LINFLO, developed by Verdon et al. (1990 Verdon et al. ( , 1991 and Hall and Verdon (1991) .
In the following discussion, we will present selected results from this study. Unsteady flow quantities will be described using a complex representation. The complex amplitudes and pi,± 00 of the unsteady vortical and acoustic excitations are assumed to be real, e.g., an upstream acoustic excitation prescribed to have an amplitude equal to 4% of the steady inlet pressure will have a complex amplitude of P7,.." = (0.4P", 0).
The magnitude and phase of an unsteady response quantity at the location say 25( -e, t), is then given by 'pi Thus, the flat plate calculations required a total of approximately 325 minutes per extended blade passage to achieve a time-periodic solution.
The first set of simulations were performed to study the capability of the NGUST analysis to predict the convection of a vortical gust by a uniform mean flow. For this purpose we consider the solution domain of a flat plate cascade, but remove the plates (blades) to eliminate spurious numerical vorticity generation due to gust/solid-surface interactions. For these simulations the steady Mach number was set at 0.30, the steady flow angle (cascade stagger angle) at 40 degrees, and the "blade" spacing was set at 0.60. A vortical gust with interblade phase angle, a, of -180 degrees and temporal reduced frequency, w, of 5 was imposed at the inlet boundary. Four different gust amplitudes were investigated; vg = elv I = 0.05 §i_., 0.25q-w, and 0.54_ 0., where is the upstream rotational velocity (i.e., the velocity associated with the vorticity) and is the steady inlet flow speed. Both inviscid (Euler) and viscous (Navier-Stokes) simulations were performed.
The unsteady axial velocity distributions, u(x, xtan #), where x is the axial distance, determined by the inviscid and viscous numerical simulations are shown in Fig. 3 , along with the linearized inviscid solution given in Eqn. (8). The first-harmonic analytical solution and the nonlinear numerical solution, which contains all harmonics, are in excellent agreement, even for a gust amplitude of 50% of the inlet free stream speed. The results in Fig. 3 indicate that the numerical algorithm is properly convecting the unsteady vortical disturbance, and that the nonlinear effects associated with the convection of a vortical wave are negligible. The latter is especially important since the inlet boundary conditions currently used in nonlinear unsteady aerodynamic simulations are, of necessity, based on linearized inviscid solutions. The imposed vortical disturbances did not excite pressure or entropy disturbances, indicating that even for large amplitude gusts the different modes of excitation (i.e., entropy, vorticity, and pressure) are uncoupled. The inclusion of viscous terms in the numerical simulation does not alter these conclusions.
A second set of simulations was performed to examine the capability of the Navier-Stokes analysis to describe the propagation of pressure disturbances relative where Kx,T0.0 = TWM(1 M ) -1 and K s, = 0. Note that for these flows, since the pressure waves travel parallel to the plates, there is no pressure response associated with the interactions of the acoustic excitations with the flat plate blade row. The real and imaginary components of the first harmonic of the unsteady pressure along the surface of blade, as determined from the NGUST analysis and from Eqn. 22, are shown in Fig. 4 for inlet acoustic excitations. Even at this relatively high frequency, the numerical algorithm accurately predicts the propagation of the acoustic wave. At the larger amplitudes, some differences between the in-phase components of the nonlinear first-harmonic and the analytical solutions are noticeable near the trailing edge of the plate. The predicted second and third harmonic components of the unsteady pressure were very small, however, indicating that the unsteady pressure field remains linear for these examples.
The analytical (Eqn. 22) and numerical (NGUST) predictions for the first harmonic of the unsteady surface pressures for acoustic excitations introduced at the cascade outflow boundary are shown in Fig. 5 . In this case, the predicted results for the lowest amplitude excitation are in good agreement, but some differences exist. At the higher amplitudes, significant discrepancies develop between the numerical and analytical solutions. Since the computational grid was fine enough (approximately 60 grid points per wavelength) to resolve the acoustic wave, these differences are probably due to nonlinear effects associated with acoustic excitations at high axial wave numbers. An investigation of the higher harmonics of the unsteady surface pressure revealed that for the largest amplitude excitation (p+09 = 0.20P+c..), the amplitude of the second harmonic was approximately 55% of that of the first harmonic, while the amplitude of the third harmonic was nearly 30% of the first harmonic value. The imposed acoustic disturbances did not excite vorticity or entropy disturbances, again indicating that the modes of excitation are uncoupled.
Additional simulations (see Dorney, 1992) were performed for vortical excitations introduced at the inflow boundary of a cascade of staggered flat plate blades. In these simulations, the interblade phase angle was varied from -r to -2r, and the temporal frequency was varied from 5 to 10. The predicted unsteady vorticity fields showed good agreement with the linearized inviscid solutions, although the interaction of the disturbances with the blade leading edge generated spurious vorticity, which was convected along the blade wakes. The predicted (nonlinear) unsteady pressure fields were in excellent agreement with the results of the linearized analysis.
In performing the foregoing nonlinear simulations, it was determined that use of the total pressure to represent the characteristic wave associated with the linear entropy at the inlet boundary resulted in an artificial reflection of upstream travelling pressure waves at the inlet boundary. The specification of the entropy, instead of the total pressure (which is not a characteristic variable), allowed the acoustic waves to pass through the upstream boundary with minimal reflection. This observation is very important, since many contemporary Euler and Navier-Stokes analyses use the total pressure as a specified characteristic variable at the inlet boundary.
The foregoing flat plate simulations indicate that for inlet acoustic excitations, the unsteady pressure field remains linear. For downstream acoustic excitations, however, even those at low frequency and small amplitude, the unsteady pressure field exhibits a strong nonlinear behavior. This nonlinear reaction of the fluid to acoustic excitations travelling upstream against the main stream flow may be due to the high wave numbers associated with such waves, which give rise to relatively large pres- 
Compressor Exit Guide Vane (EGV) Simulations
To study the response of realistic blade rows to unsteady vortical and acoustic excitations, inviscid and viscous simulations have been performed for the compressor exit guide vane studied by Hall and Verdon (1991) . The EGV blades are constructed by superimposing the thickness distribution of a NACA 0012 airfoil on a circular arc camber line with a height at mid-chord of 0.13. The cascade has a stagger angle, ft, of 15 degrees, a pitch-wise gap, G, of 0.60, and operates at an inlet Mach number and inlet flow angle of M_. = 0.30 and g, = 40 degrees, respectively. In the viscous simulations, the Reynolds number, based on the inlet free stream conditions and the blade chord, was set at Re = 5.0 x 10' and a zero heat flux (adiabatic wall) condition was specified at the blade surfaces. Transition was assumed to occur at the leading edge of each blade.
The EGV simulations were performed using an overlaid 0-H grid topology (see Fig. 2 ). The computational grid used in each blade passage for the inviscid simulations consisted of 263 x 21 grid points for the 0-grid and 250 x 51 grid points for the H-grid. The grid used in each passage for the viscous simulations consisted of 263 x 41 grid points for the 0-grid and 250 x 51 grid points for the H-grid. For the viscous simulations the average value of the non-dimensional distance, y+, of the first grid line away from a blade was y+ ^,-, 2.0, indicating that the grid should be fine enough to resolve the turbulent boundary layer. All numerical simulations performed during this study were computed on 6 processors of an Alliant FX-2800 mini-supercomputer. Typical inviscid calculations required 0.000680 seconds of CPU time per grid point per iteration; typical viscous simulations required 0.000850 seconds per grid point per iteration. For both the inviscid and viscous flow calculations 8 periods, at 500 iterations (with 3 Newton sub-iterations) per period, were required to achieve a time-periodic solution. A solution was considered to be time-periodic when the maximum difference in unsteady pressure along a blade at the same point in two consecutive periods was less than a specified small value. Thus, the inviscid EGV calculations required a total of approximately 840 CPU minutes per blade passage to achieve a time-periodic solution, while the viscous EGV calculations required approximately 1340 minutes per blade passage to achieve such a solution.
The inviscid and viscous steady flow solutions obtained with the NGUST procedure were compared with the results of the steady full potential analysis, CASPOF, which provides the mean flow solution for LINFLO and is described in Caspar et al. (1980) . The surface pressure coefficient distributions, Cr' = (P -q2 00 ), determined from NGUST and CASPOF are shown in Fig. 6 . The predicted pressure distributions are in very good agreement. In the viscous NGUST simulation, boundary layer blockage reduces the blade pressure loading, especially in the trailing edge region. It should be noted that the viscous NGUST results have been compared recently with the results of an inviscid/viscid interaction (IVI) analysis (Barnett et al., 1992) for both the EGV cascade and a high speed compressor cascade. The steady pressure, skin friction, and displacement thickness distributions predicted by the Navier-Stokes and IVI analyses showed very good agreement for the two test cases.
In the first set of unsteady flow simulations, a vortical gust at a reduced frequency of 10, an interblade phase angle of -27r, and a gust velocity amplitude, v 9 , equal to 5% of the steady inlet flow speed was introduced at the inlet boundary of the EGV cascade. The unsteady vorticity contours at times t = 2n7rw, n = 0, ±1, ±2, as predicted by LINFLO, an inviscid (Euler) and a vis- cous (Navier-Stokes) numerical simulation are shown in Figs. 7 and 8. The NGUST solutions describe the total unsteady vorticity; the LINFLO solution, the first harmonic component. In the latter case the unsteady vorticity at times t = 2nr/co are determined by the inphase component (real part) of the predicted complex vorticity field. The vorticity contours determined from the numerical analyses show very good agreement with the linearized inviscid predictions upstream of the blade row and good agreement within the blade passages. However, both the inviscid and viscous numerical calculations generate large amounts of spurious vorticity at the blade trailing edges. Although the physics of the inviscid problem dictate that a vortex sheet emanates at the trailing edge and extends downstream (as shown in the LINFLO results), most of the vorticity generated in the NGUST simulation is of numerical origin and is associated with discretizing the flow over a sharp trailing edge with an 0-type grid. The vorticity associated with the blade surface boundary layer is noticeable in the viscous results.
As the boundary layer thickens with increasing distance along the blade surface, the magnitude of the vorticity generated by viscous effects increases. This is especially evident in the results shown in Fig. 8 , beginning at about 40% axial chord on the blade suction and pressure sur-9 faces. Note that the mean flow separates from the blade suction surface at about 80% of the blade chord. Although the spurious vorticity generated at the trailing edge contaminates the contours in the wake, the vorticity contours in the mid-passage region show reasonable agreement with those predicted by LINFLO.
Contours of the in-phase component of the first harmonic, unsteady pressure response, resulting from the interaction of the vortical gust with the blade surface are shown in Figs. 9 and 10 . These results were determined by the linearized inviscid analysis, and a Fourier decomposition of the unsteady pressures obtained from the nonlinear inviscid and viscous analyses. Conspicuously absent from the nonlinear results is any effect of the spurious unsteady vorticity generated at the blade trailing edge. Even though the vortical gust is the source of the pressure response from the airfoil, the spurious unsteady vorticity generated by the numerical calculation appears to have, at most, a very weak impact on the unsteady pressure response. For an excitation at w = 10 and a = -27r, pressure response waves propagate away from the blade row in both the upstream and downstream axial directions. Both LINFLO and the inviscid NGUST solution predict nearly planar pressure response waves upstream and downstream of the blade row. Overall, the agreement between the inviscid NGUST and LINFLO solutions is good. In the viscous simulation, the viscous wake downstream of the blade row is visible in the unsteady pressure contours. There is also a concentration of pressure contours where the viscous wake intersects the outflow boundary of the computational domain. This local variation in the unsteady pressure may be due to the fact that the wake flow is nonlinear, but the computational boundary conditions are based on a linear analysis of the inviscid Euler equations. Away from the wakes, the nonlinear viscous and the linearized and nonlinear inviscid solutions show good agreement.
The foregoing example, since it contains propagating pressure waves, provides an important check on the computational boundary conditions implemented into the NGUST analysis. The use of quasi-two-dimensional boundary conditions for these unsteady flow conditions resulted in large pressure reflections at the downstream boundary. The fully two-dimensional boundary condition update procedure eliminated most of these pressure reflections.
The first harmonic of the predicted unsteady pressure difference, scaled by gust velocity amplitude, is given by
Ap(x)/ vg = [p (x chd, t) -p+ (x cm, t)] /
(23) and is shown in Fig. 11 , where Op/v9 is dimensionless, X thd is the dimensionless distance along the blade chord, and the superscripts (-) and (+) refer to the lower and upper surfaces of the blade, respectively. The linearized inviscid and the nonlinear solutions for Ap are in excellent agreement. It appears that viscous separation has little or no effect on the unsteady pressure difference response.
To study the effects of vortical gust amplitude on the unsteady pressure response of the exit guide vane, additional inviscid and viscous simulations were performed. For this purpose, we considered vortical gusts at w = 10 and a = -27r, and at amplitudes of v 9 = 0.10q-c",, 0.25q_., and 0.504,. The first harmonic unsteady pressure difference responses as determined by the viscous simulations are shown in Fig. 12 . The pressure difference responses determined from the inviscid simulations were nearly invariant with increasing gust amplitude, and therefore have been omitted. Increasing the amplitude of the excitation did not significantly affect the acoustic response of the blade row in either set of simulations. At a gust amplitude of = 0.50q, the unsteady pressure difference predicted in the viscous simulation differs slightly from the results at lower gust amplitudes. This may indicate that the high amplitude vortical wave is impacting the location of the mean separation point. These results indicate that the normalized, by jt) 9 1, unsteady pressure difference response is relatively unaffected by the amplitude of the vortical excitation, and hence, that this response is essentially linear. This is an important result, which if it holds up under more extensive testing, would suggest that linearized analyses are sufficient for predicting the effects of vortical-wake/blade-row interaction, at least for low Mach number flows.
To determine the viability of the nonlinear analysis to predict cascade response to high-frequency acoustic excitations, numerical experiments were performed in which downstream and upstream travelling acoustic waves were specified at the inlet and exit, respectively, of the EGV cascade. These excitations occurred at a temporal frequency of w = 10 and an interblade phase angle of a = 0. The amplitude of the downstream travelling acoustic excitation was set equal to 4% of the steady inlet pressure; that of the upstream travelling acoustic excitation at 4% of the steady exit pressure. The NGUST and LINFLO solutions for acoustic excitations imposed at the inflow and outflow boundaries are in excellent agreement; for brevity, only results for the acoustic excitation from downstream are shown. Contours of the in-phase component of the predicted, first harmonic, unsteady pressure fields as determined by the LINFLO and inviscid NGUST calculations for the exit acoustic excitation are shown in Fig. 13 . Since the interaction of an incident acoustic disturbance with the blade row causes an unsteady pressure response, the pressure contours shown in Fig. 13 represent a combination of excitation and response waves.
The first-harmonic, unsteady, pressure difference dis- Fig. 14) are in good agreement, but there are significant differences over the forward half of the blade. These differences may be caused by nonlinear effects. The second harmonic of the unsteady pressure difference predicted by NGUST is nearly 25% of the first harmonic value for this excitation. The differences between the inviscid and viscous NGUST solutions may be caused in part by the differences in the underlying steady flow solutions (i.e., the viscous wake) downstream of the blade. It should be noted that for the inlet acoustic excitations, the linear and nonlinear pressure-difference predictions showed excellent agreement.
To quantify the effects of gust amplitude on the acoustic response of the exit guide vane, additional inviscid NGUST simulations were performed. An acoustic excitation from downstream was prescribed with a The predicted numerical results for the acoustic excitations acting on an exit guide vane cascade support the results of the flat plate simulations; i.e., the unsteady pressure fields associated with acoustic excitations from upstream tend to remain linear, while the unsteady pressure fields associated with acoustic excitations from downstream exhibit significant effects of nonlinearity. In addition, the acoustic disturbances did not excite vorticity or entropy disturbances.
CONCLUSIONS
A nonlinear, viscous analysis, called NGUST, has been extended to predict unsteady flows through isolated, two-dimensional cascades. Solutions for realistic configurations are determined on an overlaid 0-H grid topology. Computational boundary conditions were designed to allow the specification of vortical, entropic, and acoustic excitations at the inlet to the blade row, and acoustic excitations at the exit. In addition, the inlet and exit boundary conditions were formulated to be time accurate and nonreflecting. The NGUST analysis has been applied to predict unsteady flows, excited by vortical and acoustic disturbances of varying amplitude, interblade phase angle, and frequency, through flat plate (using an H-mesh alone) and compressor exit guide vane cascades, and the predicted results have been compared with linearized inviscid solutions.
The simulations for unsteady flow excited by vortical disturbances at the inlet produced the following observations.
1. Vortical gusts tend to be convected in a linear manner, even gusts of relatively large amplitude.
2. The unsteady vorticity fields calculated using the nonlinear analysis, NGUST, generally showed good agreement with the results of the linear analysis, LINFLO. However, the nonlinear procedure generates spurious vorticity at blade trailing edges, which is convected downstream along blade wakes. This vorticity has little or no effect on the unsteady pressure response of the blade row. The unsteady pressure differences calculated using NGUST exhibited very good agreement with linear predictions.
3. The linearized far-field boundary conditions implemented into the NGUST analysis appear to be adequate for nonlinear flows, although problems can occur when viscous wakes pass through the exit boundary.
The simulations for unsteady flows excited by inlet or exit acoustic disturbances resulted in the following observations.
1. Use of the total pressure to represent the characteristic wave associated with entropy at the inlet can result in artificial pressure reflections at the upstream boundary. If the total pressure is replaced by the entropy, pressure waves pass through the computational boundary with little or no reflection.
2. Quasi-two-dimensional boundary conditions at the inlet and the exit of the cascade can lead to par-tial reflections of impinging pressure waves. The use of fully two-dimensional boundary conditions eliminates such reflections.
3. The unsteady pressure fields, which include both incident and response waves, associated with acoustic excitations from upstream tends to remain linear for excitation amplitudes up to 20% of the mean inlet pressure. However, the pressure fields associated with acoustic excitations from downstream exhibit significant nonlinear behaviors.
While Navier-Stokes analyses, such as the one developed in the current study, are necessary for identifying and quantifying nonlinear and viscous effects in unsteady flow fields, a linearized inviscid analysis accurately predicted the unsteady flow phenomena for the configurations studied in this investigation, even over a suprisingly wide range of excitation amplitudes. This is important to blade designers, since linearized, frequency-domain analyses are significantly more efficient than nonlinear, time-marching analyses.
